Abstract: In order to optimize the coherent Brillouin optical time domain analysis (BOT-DA) sensor for more effective chromatic dispersion (CD) suppression, single-sideband intensity-modulated probe (IMP) light is utilized. Obvious Brillouin gain spectrum distortion due to CD observed in the double-sideband IMP case is successfully cancelled. Meanwhile, frequency preshift for local light generation in other coherent BOTDA sensors that have been reported recently can be avoided in our scheme, resulting in a reduction in system complexity. On the other hand, a logarithmic detector, instead of an inphase/quadrature demodulator, is applied to reduce half of the measurement time. A ∼2-m spatial resolution and 0.97°C temperature accuracy at the end of a 40-km sensing fiber are realized by using a 100-ns/80-ns differential pulsewidth pair.
Introduction
Distributed temperature and strain sensing based on Brillouin scattering in optical fiber has been investigated for more than 20 years [1] . The key of this technology is to obtain the Brillouin frequency shift (BFS), which has been proved to be linearly related to local temperature and strain along the sensing fiber. One of the most popular technologies based on Brillouin scattering is Brillouin optical time domain analysis (BOTDA), in which a pulsed pump light and a counter-propagating sweeping continuous-wave (CW) probe light are usually utilized. In order to achieve a longer sensing distance with higher accuracy and resolution, many methods have been proposed to increase the signal-to-noise ratio (SNR), such as pulse coding [2] , [3] , Raman amplification [4] , [5] , frequency-division and time-division multiplexing [6] , [7] and so on. Recently, coherent detection is applied to BTODA sensor for SNR improvement [8] - [13] , which has been proved to be very effective. Probe light in coherent BOTDA sensors are usually generated through double-sideband (DSB) phase modulation (PM), which converts into intensity modulation (IM) in the presence of Brillouin gain to reconstruct the Brillouin gain spectrum (BGS). However, our recent work indicates that the PM-IM conversion is not only introduced by Brillouin gain but by fiber chromatic dispersion (CD) as well, which distorts the measured BGS [11] . In order to solve this problem, DSB intensity modulated probe (IMP) instead of phase modulated probe (PMP) has been proposed recently [12] .
Even DSB-IM in [12] can effectively reduce CD induced BGS distortion, some conditions must be satisfied, such as specific fiber lengths and modulation frequencies [12] . Therefore, DSB-IM is still not an ideal enough approach for CD suppression due to its inherent limitation caused by co-frequency interference [14] . On the other hand, single-sideband (SSB) modulation is a well-known method for stable amplitude transferring in optical fiber link, which can fully cancel the PM-IM conversion and power fading caused by CD [15] , [16] . Many methods can be used to generate SSB modulation [17] , [18] , and the simplest one is to utilize a single-drive electro-optic modulator (EOM) followed by an optical filter to filter out one sideband [19] . However, this method is hard to be employed in conventional coherent BOTDA sensors, because that the frequency between the local light and sideband light is usually less than 2 GHz, which is much less than the 20-dB rising/falling edge of a conventional optical filter, i.e., bigger than 10 GHz typically. Besides, the frequency of the laser source light should be pre-shifted to generate local light in conventional coherent BOTDA sensors, which increases the system complexities and instabilities, and the I/Q demodulator commonly used for BGS demodulation requires about twice the measurement time compared to traditional direct-detection BOTDA sensors.
In this paper, a novel approach for total CD suppression by using SSB-IMP has been proposed and experimentally demonstrated; meanwhile, system complexities are reduced by utilizing laser source light as local light directly without frequency pre-shift, and about half of the measurement time is saved by employing logarithmic detector (LogD) instead of I/Q demodulator. In our proposal, the frequency between the local light and each sideband light is about 11 GHz, thus one sideband light can be easily filtered out by an optical filter to realize SSB-IM, i.e., generated through the simplest method mentioned above. After interacting with the pulsed pump light, the probe light (i.e., the remaining another sideband light) is coherently detected by the photo-detector (PD) with the local light (i.e., laser source light); thus, the BGS can be carried by the beat note signal between them (i.e., coherent detection), whose amplitude is further decoded by a low-cost and high-effective LogD with 50-dB dynamic rang to reconstruct the BGS after frequency downconversion. Due to the inherent capability for CD immunization of the SSB modulation, obvious BGS distortion induced by CD is cancelled in a comparative study between DSB-IM and SSB-IM. Finally, ∼2-m spatial resolution at the end of a 40-km sensing fiber is realized by using 100 ns/80 ns differential pulse-width pair (DPP).
Operation Principle
DSB-PM and DSB-IM are usually applied for local light and probe light generation in coherent BOTDA sensors [9] - [12] . However, both of them are sensitive to fiber dispersion, which causes PM-IM conversion and power fading, and further leads to BGS distortion and decoding errors [11] . In order to overcome these problems, we design our coherent BOTDA sensor based on SSB-IM, whose operation principle is described in Fig. 1 . The laser source light (i.e., f L ) is split into two branches, one branch is gated by an acousto-optic modulator (AOM) to generate the pulsed pump light (i.e., f P ) with 200-MHz optical frequency up-shift, the other branch is modulated to generate SSB modulation with a carrier frequency of f L (i.e., local light) and a sideband frequency of f L À f S (i.e., probe light) through an intensity EOM and an optical filter. f L works as local light directly thus frequency pre-shift can be avoided for system complexities reduction. f S is chosen so that the spectrum line f L À f S can sweep the Brillouin gain region of the pump light. Note that the 200-MHz frequency shift induced by AOM can avoid the coherent Rayleigh noise between the pump light and local light.
After the probe light interacts with the pump light, the optical field before the PD is
where E L and E S are the complex amplitudes of the local light and probe light, respectively.
is the detune between the probe light frequency and the peak frequency of Brillouin
Þ is the phase shift of Brillouin gain, where g 0 is the local Brillouin gain and v B is Brillouin linewidth. 0 and À are the phase shifts caused by fiber link transmission corresponding to optical frequencies of f L and f L À f S , respectively. Then, the output current of the PD as a function of f S can be expressed as
where R C is the sensitivity of the PD. Equation (2) indicates that the detected intensity at frequency f S is modulated by the BGS, on the other hand, it is not affected by the fiber link transmission induced phase shift that is highly related to CD [19] . Output current is frequency down-converted to be a RF signal with a carrier frequency of f S -10 GHz by a frequency downconverter with a local frequency of 10 GHz, whose amplitude is further decoded by a LogD to reconstruct the BGS and decode the BFS. On the other hand, if DSB-IM is applied for probe light generation, the output current of the PD after amplitude normalization is highly related to CD and can be expressed as a function of fs as [11] 
where D and L are the CD coefficient and the length of the sensing fiber, respectively. c is optical wavelength of the local light, c is the speed of light in vacuum, and d is the phase of the PD output current. After subtracting the DC component obtained without Brillouin gain at each sweeping frequency, the calculated BGS as functions of f D in SSB-IMP and DSB-IMP cases after amplitude normalization can be written as
The calculated BGS in SSB-IMP case is independent of D, as shown in (4); thus, the effect of CD on BGS can be totally cancelled. Fig. 1 . Schematic diagram of the proposed coherent BOTDA sensor based on SSB modulation. PD: photo-detector; LogD: logarithmic detector. f L is the frequency of laser source light (i.e., local light), f P is the frequency of pulsed pump light with 200-MHz frequency up-shift to the local light, and f L À f S is the frequency of the sideband (i.e., probe light) generated through SSB-IM.
Simulation Results
Equation (4) is simulated to observe the BGS under different conditions. In the simulation, c ¼ 1550 nm, L ¼ 40 km, v B ¼ 50 MHz, and f D þ f B (i.e., f S ) changes from 10.58 GHz to 10.74 GHz and f B ¼ 10:67 GHz. Fig. 2(a) shows the simulated BGS in SSB-IMP case at different local Brillouin gain values (i.e., g 0 ¼ 0:01, 0.1, 0.5, and 1), they overlap with each other with the same Lorentz shape of a 3-dB linewidth of 50 MHz. On the other hand, the simulated BGS at these same g 0 values when DSB-IMP is applied and assuming that D ¼ 0 (i.e., ignoring CD) are shown in Fig. 2(b) , Lorentz shapes with different 3-dB linewidths are obtained. Besides, Fig. 2(c) shows the simulated BGS when D ¼ 17 ps/nm/km [corresponding to standard single mode fiber (SSMF)], the results are obviously different from the corresponding results shown in Fig. 2(b) . Fig. 2 indicates that CD distorts the BGS obviously in DSB-IMP case, and this kind of distortion can be fully cancelled in the case of SSB-IMP.
Experimental Setup
The experimental setup is shown in Fig. 3 . A CW light with a central wavelength of 1549 nm and a peak power of 10 dBm from a tunable laser source (TLS) is split into two branches by a 50 : 50 coupler. One branch is modulated through an AOM with 200 MHz frequency up-shift to generate 100 ns/80 ns DPP with an extinction ratio of 50 dB and a period of 1 ms by utilizing the method shown in [20] . The output light of the AOM is amplified by an erbium-doped fiber amplifier (EDFA) followed by an optical filter and a circulator before launching into the sensing fiber as the pulsed pump light with a peak power of 18 dBm. The other branch is modulated by an intensity EOM that biased at quadrature point and driven by a microwave synthesizer with a tunable frequency (i.e., f S ) and an output power of 18 dBm. The upper sideband of the output light of the EOM is filtered out by a FBG filter to realize SSB-IM. After passing through a polarization scrambler, the optical light is launched into the other side of the sensing fiber through an isolator as the CW local light (i.e., optical carrier) with a power of 0 dBm and as the CW probe light (i.e., optical sideband) with a power of −20 dBm. In our implementation, f S is swept from 10.58 GHz to 10.74 GHz with a 4-MHz step to reconstruct the BGS. After interacting with the pulsed pump light, the probe light is coherently detected with the local light by a PD with a 3-dB bandwidth of 12 GHz. The recovered microwave signal is then frequency down-converted into intermediate frequency (IF) signal (580∼740 MHz) by a frequency down-converter with a local frequency of 10 GHz and a gain of 18 dB. Since the useful information is carried by the amplitude of the IF signal, a LogD (model AD8317) with 50-dB dynamic range (−55 ∼ −5 dBm) and 50-MHz 3-dB demodulation bandwidth is utilized to convert the amplitude into the baseband signal, which is further sampled, averaged, and stored by a data acquisition card with 100-MHz sampling rate. The stored data is post-processed in the computer to obtain the BFS (i.e., temperature and strain) along the whole sensing fiber. Note that, compared to the in-phase/quadrature (I/Q) demodulator that usually utilized in coherent BOTDA sensors for BGS demodulation with a requirement of two time-averaged traces measurement (i.e., I-path and Q-path) at each sweeping frequency point, the LogD can save half the time.
Results
About 40-km SSMF with 10.67-GHz BFS (ignoring the 200-MHz frequency shift of the AOM) at room temperature is employed as the sensing fiber in the experiment. About 25-m testing fiber near the far-fiber end is heated up to 50°C by an oven and the remaining 39.975 km fiber is kept at room temperature (22°C). The temperature difference of 28°C results in ∼28-MHz frequency shift on the BFS. By tuning the microwave signal over a frequency span from 10.58 GHz to 10.74 GHz with a 4-MHz step, the BGS is measured after 1000-time average at each sweeping frequency point. To evaluate the performance of our scheme with CD suppression, we implement a comparative experiment between DSB-IMP light (i.e., without the optical filter after the EOM) and SSB-IMP light. Fig. 4(a) shows the measured BGS along the whole sensing fiber when DSB-IMP light is applied and pulse-width (PW) is 80 ns. Obvious distortion on the BGS due to CD has been observed, and the measured BGS at 1-km and 39.985-km locations are shown in Fig. 4(b) , in which a "Sine" type rather than a "Lorentz" type has been observed, agreeing well with the simulation results shown in Fig. 2(c) . Consequently, the decoding accuracies would be degraded when Lorenz fitting is applied to the measured BGS for BFS acquisition. Fig. 5(a) shows the measured BGS along the whole sensing fiber when SSB-IMP is applied, Fig. 5(b) shows the measured BGS at the same 1-km and 39.985-km locations and that no BGS distortions have been observed, which means that CD has been successfully suppressed. Note that the frequency shifts observed at the near end of the sensing fiber as shown in Figs. 4(a) and 5(a) are caused by fiber pre-stressing force. 6 shows the measured BOTDA traces in SSB-IMP case 6(a) along the whole 40-km sensing fiber and 6(b) at the far fiber end (from 39.94 km to 40 km) when f S is 10.672 GHz (corresponding to BFS of the fiber at room temperature), and 6(c) measured BOTDA traces at the same far fiber end when f S is 10.7 GHz (corresponding to BFS of the fiber heated), under the PWs of 100 ns (blue line), 80 ns (green line), and 100/80 ns (red line), respectively. As shown in Fig. 6(b) and (c), we can clearly observe the induced intensity transition corresponding to the fiber heating under these three different PWs at the far end of the fiber. The 100/80 ns differential time trace should exhibit a rising/falling time of ∼20 ns, which is well observed, as shown in the red line of Fig. 6(c) . However, a rising time of bigger than 20 ns is observed in the red line of Fig. 6(b) , this is mainly caused by the noise induced amplitude fluctuation. Correspondingly, Fig. 6(d) shows the decoded BFS from 39.94 km to 40 km through Lorentz fitting of the measured BGS, the ∼28 MHz frequency transition between the heated and unheated segment is observed obviously. The blue and green lines show the decoded BFS with the use of PWs of 100-ns and 80-ns respectively, corresponding to spatial resolutions of 10m and 8m, respectively. On the other hand, ∼2-m spatial resolution (from 10% to 90%) is measured with the use of 100 ns/80 ns DPP, which agrees well with the 20-ns PW difference. However, the decoded temperature accuracy at the far fiber end in the DPP case is about 0.97°C, which is worse than the temperature accuracies of 0.17°C when the PW is 100 ns and 0.23°C when the PW is 80 ns; therefore, there is a trade-off between spatial resolution and temperature accuracy. Note that, due to the slow response of the AOM (about 10-ns rise/fall time), the spatial resolution of our proposal when utilizing DPP is limited to ∼2 m [21] ; therefore, so our scheme is suitable for long distance sensing with a spatial resolution requirement of few meters.
Conclusion
Coherent BOTDA sensor with probe light based on SSB-IM for CD suppression, with local light by utilizing laser source light directly for complexities reduction, and with BGS demodulation by employing LogD for measurement time reduction has been proposed and experimentally demonstrated. Experimental results indicate the effectiveness of our proposal on overall system performance enhancement, which makes the coherent BOTDA sensors more precise, costeffective, and compact.
